This journal is www.rsc.org/ 2 from specific heat measurements. A very weak antiferromagnetic super exchange interaction (J1 = -0.043 cm -1 and g = 1.99) is witnessed between the metal centres in 3. The magnetocaloric effect (MCE) was estimated using field dependent magnetization and temperature dependent heat capacity measurements. An excellent agreement is found in the -ΔSm values extracted from these two measurements for all three complexes. As expected, 3 shows the largest -ΔSm variation (23 J Kg -1 K -1 ) among the three complexes. The negligible magnetic anisotropy of Gd indeed ensures near degeneracy in the (2S +1) ground state microstates, and the weak super-exchange interaction facilitates dense population of low-lying excited states all of which are likely to contribute to the MCE, making complex 3 an attractive candidate for cryogenic refrigeration.
Single-Molecule Magnetism, Enhanced Magnetocaloric Effect and Toroidal Magnetic Moments in a Family of Ln4 Squares
Chinmoy Das, a Shefali Vaidya, a Tulika Gupta, a Jamie M. Frost, c Euan K Brechin, c Mattia Righi, b Marco Affronte* ,b Gopalan Rajaraman* ,a and Maheswaran Shanmugam* ,a Three cationic [Ln4] squares (Ln = lanthanide) have been isolated as single crystals and their structures solved as [Dy4(µ4-OH)(HL)(H2L)3(H2O)4]Cl2·(CH3OH)4·(H2O) 8 (1), [Tb4(µ4-OH)(HL)(H2L)3(MeOH)4]Cl2·(CH3OH)4· (H2O)4
(2) and [Gd4(µ4-OH)(HL)(H2L)3(H2O)2(MeOH)2]Br2·(CH3OH)4·(H2O)3 (3). Their structures describe an hydroxo-centred square of lanthanide ions, with each edge of the square bridged by a doubly deprotonated H2L 2ligand. Alternating current (ac) magnetic susceptibility measurements show frequency dependent out-of-phase signals with two different thermally assisted relaxation processes for 1, but no maxima in χM" appears above 2.0 K for complex 2. For 1, the estimated effective energy barrier for these two relaxation processes is found to be 29 K and 100 K. Detailed ab initio studies reveal that complex 1 possesses a toroidal magnetic moment. Ab initio calculated anisotropies of complex 1 and 2 are employed to simulate the magnetic susceptibility using the Lines model (POLY_ANISO) and this procedure yields J1 = +0.01 and J2 = -0.01 cm -1 (for 1); J1 = +0.11 and J2 = -0.01 cm -1 (for 2) as the two distinct exchange interactions between the Dy(III) and Tb(III) ions. Similar parameters are also obtained for complex 1 and
Introduction
The large magnetic moments and unquenched first order orbital angular momenta associated with certain lanthanide ions makes their coordination complexes potentially useful in various applications such as information storage, 1 spintronics, 2 molecular switches, 3 spin valves 4 and qubits 5 . The academic investigation of the magnetic behaviour of lanthanide-based molecular cages has been reinvigorated since the discovery of single-molecule-magnet (SMM) behaviour in a mononuclear terbium phthalocyanine complex. 6 Following this, several lanthanide based SMMs, in particular dysprosium based clusters ranging from monomers to tetracosanuclear species, have been reported. 1h, 7 Among them more often, multinuclear clusters show unusual magnetic properties, for fascinating recent examples include Dy3 triangles in which SMM behaviour was observed to originate from the excited states, 8 Dy5 and Dy4K2 clusters exhibiting enormous Ueff values 1b , and the presence of magnetic bistability in symmetric oligomeric lanthanide complexes due to a toroidal arrangement of anisotropic axes. 7b Although various promising synthetic approaches have been reported to increase the effective energy barrier to the reorientation of the magnetization of SMMs, the blocking temperature (TB) associated with the onset of hysteresis in molecular systems still sits below T = 14 K, 9 hampering any realistic development of molecular devices for practical application. This is partly due to the lack of understanding of the combined roles of orbital (L) and spin (S) angular momenta to the resultant magnetic moment of the molecule. Moreover, further complication may arise due to the changing contribution of L and S with changing geometry around the lanthanide ions. 10 Molecular complexes constructed by metal ions with negligible magnetic anisotropy such as Gd(III) have been proposed for various applications, including contrast agents in magnetic resonance imaging, 11 spin-labeling, 12 dynamic nuclear polarization, 13 and cryogenic refrigeration, which takes advantage of the materials intrinsic magnetocaloric effect (MCE). 14 Traditionally 3 He-4 He has been used to attain sub-milli Kelvin temperatures, but as well as being environmentally unfriendly; the transfer of cryogenic liquid 3 He-4 He requires a complicated mechanical set-up. Following the proposed idea of employing nanoparticles for magnetic refrigeration by Shull and co-workers, 15 a plethora of 0-3D molecule-based materials have been reported as promising candidates, particularly by Evangelisti and co-workers who recently pointed out the importance of a large magnetic density (i.e. the use of lightweight ligands) in achieving improved MCE efficiency, together with large S and weak J. 14e, 16 In this line of interest and to reveal a new generation of lanthanide based clusters with both isotropic and anisotropic lanthanide metal ions we have employed an underemployed multidentate Schiff-base ligand (H4L, Scheme 1), which has previously been used to make just seven transition metal complexes, 17 four 3d-4f metal complexes (four complexes), 18 and three 4f complexes. 19
Scheme. 1 Synthetic scheme followed to make H4L See the Experimental section for full details.
In this article, we report three analogous Ln III 4 squares of general formula [Ln4(µ4-OH)(HL)(H2L)3(Y)4]X2 cluster (Ln = Dy(III), Tb(III), Gd(III); Y = solvent, X = halide) whose structures were determined by single crystal X-ray diffraction, whose magnetothermal properties have been gauged via variable temperature, variable field susceptibility, magnetization and specific heat measurements. To further support our experimental findings we have performed CASSCF+RASSI-SO calculations. This detailed experimental and theoretical investigation reveals that complex 1 exhibit a rare toroidal magnetic moment which is evident from the magnetization measurements (vide infra) and complex 3 shows large variation in -Sm, making it a promising candidate for cryogenic refrigeration.
Results and Discussion
The reaction between the Schiff-base ligand H4L and lanthanide halide (DyCl3·6H2O or TbCl3·6H2O or GdBr3·6H2O) in the presence of NaOMe in methanol results in the formation of pale yellow single crystals of complexes 1-3 after one week. X-ray diffraction reveals the structure to be [Ln4(µ4-OH)(HL)(H2L)3(Y)4]X2 (where Ln = Dy(III), Y = H2O, X = Cl (1); Ln = Tb(III), Y = MeOH, X = Cl (2); and Ln = Gd(III), Y = MeOH, X = Br (3)). The molecular structures of all the three (isomorphous) complexes are given in Figure 1 , and their corresponding crystallographic data listed in Table 1 . Ball and stick representation of single crystal X-ray structures of the cations of complexes 1 (A), 2 (B) and 3 (C). D) The general metal core found in 1-3. The same labelling scheme has been followed for all the three complexes.
The lanthanide ions are in their usual trivalent oxidation state, and occupy the corners of a square, at the centre of which lies a µ4-OHion, linking all the four lanthanide ions. The oxidation state of this µ4-bridging O-atom was confirmed by bond valence sum calculation (Table S1 ). 20 The Ln ions in these complexes are however not co-planar, there being a small twist of 19º (for 1) and 18.8º (for 2 and 3) in the dihedral angle within the Ln4 plane ( Figure  2D ). The µ4-OHion possesses distorted square planar geometry in all the three complexes ( Figure 2 ). The average diagonal bond angles found in these complexes are Ln1O1Ln3 = 166.2º and Ln2O1Ln4 = 166.6º.
The bond lengths between Ln(III) ions and the central hydroxide ion range from 2.506 Å to 2.529 Å (for 1), 2.494 Å to 2.553 Å (for 2) and from 2.506 Å to 2.586 Å (for 3). The average Ln-Ln distance is found to be 3.577 Å (for 1), 3.592 Å (for 2) and 3.623 Å (for 3). Each edge of the square is bridged by one phenoxo oxygen (from the o-vanillin moiety) from one H2L 2and an alkoxo group from hydroxymethyl arm of a second H2L 2ligand. The remaining coordination sites of the Ln ions are filled by methoxy oxygen atoms of o-vanillin, azomethine nitrogen atoms, the O-atom from the second arm of the hydromethyl group of H2L 2-(the third arm of the latter remains protonated and non-bonded), and terminally bonded water and methanol molecules. There is a significant difference in the observed Ln-O bond lengths between the bridging alkoxide (2.262-2.320 Å (1), 2.278-2.322 Å (2) and 2.297-2.362 Å (3)) and the terminally bonded alcohol (2.453-2.514 Å (1), 2.457-2.492 Å (2), and 2.479-2.511 Å (3)), suggesting the latter to be protonated. The charge balance requirements further support this assumption, two halide counter ions present in the crystal lattice neutralizes the cationic charge on the coordination sphere. The third arm of the hydromethyl group of H2L 2-(which remains uncoordinated) facilitates the intermolecular hydrogen bonding (O13….O73 = 2.721 Å; O33…O53 = 2.611 Å; C12….O73 = 2.636 Å; C17….O73 = 2.657 Å). By careful analysis of bond length of uncoordinated hydromethyl group of all the Schiff base ligands in 1 reveals that C19-O13 (1.332 Å) has significantly shorter bond length than the other three (C39-O33 (1.401 Å), C59-O53 (1.425 Å), and C79-O73 (1.410 Å)) unbound hydromethyl arms. This evidently suggests that among the four non-bonded hydromethyl arm of ligand, C19-O13 arm is deprotonated, thus balancing the trivalent cationic charge on the coordination sphere along with two halides in the crystal lattice. (See ESI Figure S1 for complete molecule labelling) A similar trend is also followed in case of structurally analogous 2 and 3.
Each lanthanide ion (in 1-3) is surrounded by nine donor atoms (LnO8N1) and exists in a distorted monocapped square anti-prismatic geometry, as confirmed by continuous SHAPE measurement software. 21 The square [Ln4-µ4-OH] core is rather rare, limited to only three complexes, based on a search of the Cambridge Structural Database (CSD). 22 22b,23 In the latter each metal ion is surrounded by nine donor atoms with capped square anti-prismatic geometry around the metal ions.
Magnetic susceptibility
Temperature dependent dc magnetic susceptibility measurements on polycrystalline samples of 1 -3 were carried out between 300 and 2.0 K in an external magnetic field of H = 0.1 T ( Figure 3 ). The observed room temperature χMT values of 55.60 (for 1), 47.20 (for 2) and 30.98 cm 3 K mol -1 (for 3) are slightly lower than the expected values of 56.67 cm 3 K mol -1 (g = 4/3; S = 5/2; L =5; 6 H15/2 for 1), 47.25 cm 3 K mol -1 (g = 3/2; S = 3; L = 3; 7 F6 for 2) and 31.5 cm 3 K mol -1 (g = 2.0; S = 7/2; L = 0, 8 S7/2 for 3) for a magnetically dilute Dy(III), Tb(III) and Gd(III) ions, respectively. The χMT values for 1 and 2 gradually decrease from room temperature to 45 K, likely due to the depopulation of e mJ levels, with the depopulation effect being more evident in 1 than 2. The χMT value drops rapidly below 45 K, and reaches a value of 25.4 cm 3 K mol -1 (for 1), 26.99 cm 3 K mol -1 (for 2) at 5.0 and 2.5 K respectively. On the contrary, for 3, the χMT value remains constant from room temperature to 100 K, below which it steadily decreases before rapidly reducing below 35 K to a value of 12.95 cm 3 K mol -1 at 2.31 K. The decrease in χMT value of all the three complexes at lower temperature is due to the combined effects of some or all of the following phenomena: magnetic anisotropy (1, 2), intramolecular antiferromagnetic exchange interactions, Intermolecular dipolar exchange interactions, thermal depopulation effects. (5) 14.029 (7) 
15.650 (3) 15.625 (6) 15.692 (8) 
17.790(4) 18.201 (7) 18.363 (9) lanthanide ions, indicating the presence of significant magnetic anisotropy, 1h and consistent with the non-superimposable reduced magnetization curves ( Figure S5 ). On the contrary the magnetization of complex 3 is as one might expect for four weakly coupled, isotropic Gd(III) ions, with M close to saturating at a value of M/NµB = 28. In order to extract the spin Hamiltonian parameters for the isotropic cluster 3, magnetic susceptibility data were fitted by matrix diagonalization using Phi software. 24 Based on the crystal structure parameters of 3, we initially employed two different J values: J1 corresponding to nearest neighbour interactions round the 'outside' of the square where the super-exchange interaction is mediated between the metal ions via phenoxo, alkoxo and µ4-hydroxide bridges, whereas J2 relates to next nearest neighbour (diagonal) interactions (Gd1O1Gd3 and Gd2O1Gd4) mediated exclusively by the central µ4-hydroxide. The Heisenberg Hamiltonian used for fitting the data is shown in the equation below. The experimental data were very well reproduced with the following parameters J1 = -0.043 cm -1 , J2 = -0.043 cm -1 with g = 2.0. Since J1 = J2 we repeated the fit with just one J value which afforded J1 = -0.043 cm -1 and g = 1.99 ( Figure 3 ). The fitting parameters clearly suggest that the exchange is very weak and the cluster can essentially be regarded as a paramagnet. Such weak exchange interactions between the metal centres is an essential ingredient for observing an enhanced MCE (vide infra).
In order to probe the magnetization relaxation dynamics of both 1 and 2, alternating current (ac) magnetic susceptibility measurements were performed on polycrystalline sample of 1 ( Figure 4 ) and 2 (Figures S6-S7 ) at various frequencies. For 2, the maxima in M" is well below the instrument temperature limit under zero external magnetic field ( Figure S7 ). On the contrary, for complex 1 there are two thermally assisted χM" signals with maxima clearly evident corresponding to fast and slow magnetization relaxation processes at low (T = 2.5 -5.2 K) and high (T = 3.0 -15 K) temperatures, respectively ( Figure 4 ). Similar behaviour was recently reported in analogous tetrameric clusters by Layfield and co-workers. 25 However, the origin of two magnetization relaxations in this reported complex is distinctly different from 1 (Vide infra). Lanthanide complexes are prone to exhibit fast quantum tunneling of magnetization (QTM), 1b likely to be operable in the low temperature region, however the thermally assisted Orbach process appears to be the dominant relaxation process in complex 1. Observation of frequency dependent out-ofphase susceptibility (χM") signals (for 1) is a characteristic signature of SMM behaviour under zero applied external magnetic field. The Arrhenius plot constructed for these high and low T regimes are shown in Figure 4C . The effective energy barrier (Ueff) for the reorientation of magnetization for the fast and slow relaxation processes are 29 K and 100 K with 0 = 1.324 10 -7 s and 0 = 1.179 10 -8 s, respectively. The deviation from linearity for the slow relaxation process below 7.0 K suggests that other relaxation processes, such as Raman and Direct processes, are also likely to be operable. 10e,26
Theoretical Studies
In order to understand the electronic structures of anisotropic metal complexes 1 and 2 detailed ab initio calculations were performed (see ESI for computational details and Figure S8 ). Two sets of calculations were performed on complex 1. The first, using the SINGLE_ANISO program, calculated the magnetic anisotropy of the individual Dy(III) ions; the second, using the POLY_ANISO program, was employed to extract the exchange-coupled energy levels and the exchange parameters. We begin our discussion with the calculation of the single ion anisotropy parameters.
Single-ion anisotropy of Dy(III):
The energy spectrum and gtensors for the Kramers doublets of the ground 6 H15/2 multiplet for the four Dy(III) ions in compound 1 are shown in the ESI (Tables  S2-S5) , with the excited states lying at 3000 cm -1 . In 1, the ground state (GS) Kramers Doublet (KD, Figure 5 ) shows an almost Ising type anisotropy for all four metal sites (Table 2) i.e. gzz is close to 20, with a small transverse anisotropy in the y direction. The axiality of the g-tensors gradually decreases up to Kramers doublets 3 and 4 (Tables S2-S5), thereafter increasing reaching axiality for the eighth Kramers doublet which is comparable to the value of lowest Kramers Doublet (close to 20) . The observation of such mirror symmetry in the magnetic properties in the Kramers doublets is in sharp contrast to the trend in perfectly axial systems. The relative energies of the eight lowest lying KDs along with the computed anisotropy for all four Dy(III) ions in complex 1 are given in Tables  S2-S5 ). The ground state is found to possess zero magnetic moment in the xy plane and it is entirely oriented along the z-axis (Lz). The two lowest Kramers doublets, shown in Figure 6 , are characterised by definite projection of the total angular moment of the anisotropy axis. In the Dy4 site, the ground and the first excited state anisotropic axes are in opposite directions, while in other three sites they are co-parallel.
To probe the mechanism of single-ion relaxation, data beyond the ground state KDs need to be analysed. The magnetic relaxation in lanthanides is found to occur due to three main factors, in the absence of intermolecular interactions, 10e (i) via QTM between the ground state KDs which occurs due to large transverse anisotropy in the ground state KDs, (ii) via Orbach/Raman processes 27 which accounts for the relaxation via the excited states and occurs due to the non-coincidence of the principle anisotropic axes, (iii) via thermally assisted QTM (TA-QTM) which accounts for relaxation via the excited states due to the non-Ising nature of the excited KDs. A qualitative mechanism of the relaxation for 1 obtained from ab initio calculations is shown in Figure 6 . Here the states are arranged according to the values of their magnetic moments. The number at each arrow connecting any two states is the mean absolute value of the matrix elements of the transition magnetic moments between the corresponding states. For all the Dy sites (Dy1, Dy2, Dy3 and Dy4) the transverse anisotropy observed is small, and the QTM between the ground state KDs is expected to be weak. Our calculations confirm this point, as shown in Figure 6a , where for both Dy1 and Dy4 centres the QTM between the ground state KDs is negligible. The next excited states (ES) are located at 135 cm -1 , 148 cm -1 and 145 cm -1 for Dy1, Dy2 and Dy3 centres, respectively, and these states possess significant transverse anisotropy. The gzz axis deviates from the direction of the ground state KD by 14.6, 10.47 and 5.47° for Dy1, Dy2 and Dy3 centres, respectively (tilt angle, θ). This naturally activates the Orbach/Raman type relaxation via the first excited state and, as expected, a significant magnetic moment matrix element is observed for this process Figure 6a . As the transverse anisotropy of the first excited state is large, this leads to a significant TA-QTM process, and this is also reflected in the computed parameters. The calculations find that ground and first excited state are predominantly |+-15/2>: 0.99 |+-15/2> and |+-13/2>: 0.91 |+-13/2>, respectively, for the Dy1, Dy2 and Dy3 sites. The Dy4 site on the other hand is distinctly different from other three sites in complex 1, where the transverse anisotropy is not prominent in the ground state or first excited state. However as the tilt angle is large, this leads to relaxation via the first excited state. Thus for Dy4, the computed effective energy barrier (Ucal) is 190.0 cm -1 which is marginally higher than other sites. Thus, for the uncoupled Dy(III) sites, two relaxation processes are theoretically expected to operate, one at an average Ucal of 144 cm -1 (Dy1, Dy2 and Dy3) and other at 190 cm -1 (Dy4). In accordance with the theoretical prediction, there are two relaxations processes that are experimentally observed at 20.15 cm -1 and 69.5 cm -1 (29 and 100 K respectively, Figure 4 ). Hence, we can tentatively assign the faster relaxation process which occurs at lower temperature to the Dy1, Dy2 and Dy3 sites, and the slower magnetization relaxation process which occurs at higher temperature to Dy4. The large deviation in Ueff values between the calculated and experimental results can be attributed to the fact that the ground state QTM and the dipolar/exchange interactions (intra and inter) are not taken in to account in the estimate of the computed barriers. These issues have been discussed in detail in a previous experimental and theoretical study of Er(III) SMMs. 28 The argument of magnetization relaxation based on single-ion anisotropy is valid since the estimate of the exchange coupling between Dy(III) ions is extremely small (vide infra).
To offer a rationale on the differences observed between the four Dy sites, we have examined at the structural distortion (using SHAPE software) 21 at the individual Dy sites. The deviations are found to be 1.18, 1.22, 1.20 and 1.08 for Dy1, Dy2, Dy3 and Dy4 sites respectively (see Figure S9 in ESI), compared to an ideal monocapped square anti-prismatic geometry. These numbers represent the extent of deviation from the ideal mono-capped square anti-prismatic geometry. Thus the larger distortion of Dy1, Dy2 and Dy3 compared to Dy4 leads to concomitant smaller barrier heights. To gain more insight into the mechanism of magnetization relaxation, we have also computed the crystal field parameters. Assuming that intermolecular and hyperfine interactions are small or negligible, the probability of QTM between the ground state KDs is best described by the crystal field (CF) parameters. 10h, 29 The corresponding crystal field Hamiltonian is given by (Table   S6 ). We have also employed an electrostatic model to gain information regarding the orientation of the anisotropy axis of the ground state in complex 1. 30 This axis is calculated to be close to the ground state ab initio anisotropic axis, with the deviation being approximately 12.91⁰, 9.28⁰, 14.09⁰ and 12.45⁰ for Dy1, Dy2, Dy3 and Dy4, respectively ( Figure S9 ) suggesting that the orientation of the anisotropy axis is controlled predominantly by the electrostatic charges of the ligands. 
Exchange coupled {Dy4} molecule:
Due to the axiality of the Dy sites, we have simulated the magnetic interactions between Dy ions by incorporating contributions from magnetic dipole-dipole and exchange interactions within an Ising exchange Hamiltonian. We have also calculated the exchange spectrum ( Figure 7) of complex 1 using the POLY_ANISO program. An excellent agreement between the simulated and experimental magnetic data (MT (T) and M (H)) was observed with the parameters J1 = +0.01 cm -1 and J2 = -0.01 cm -1 (Figure 8 ). This is further corroborated by specific heat measurements that show a well-defined Schottky anomaly at liquid helium temperatures (vide infra). Our computed g-tensor for the exchange coupled system shows zero transverse anisotropy contribution, it is completely Ising in nature. Most importantly, the principal g-tensor (magnetic moment, Table S7 ) anisotropy of the lowest (ground) exchange level of the exchange spectrum is 3.96. This observation of a conventional magnetic moment (a deviation from zero) in the ground state can be ascribed to the low-symmetry nature of the complex. The low-lying exchange spectrum and magnetization blocking barrier in complex 1. We have placed every exchange state in compliance with the value of its magnetic moment (bold black lines).The blue curved arrows signify tunneling of magnetization within each doublet state, green curved arrows represent spin-phonon transitions (the numbers are averaged transition moments in μB connecting the corresponding states). [31] The first excited doublet of the exchange spectrum lies at a larger energy separation (4.4 cm -1 ) with respect to the ground state, compared to a previously studied Dy4 complex 32 (2.97 cm -1 ) which introduces a very small low field S shape to the magnetization curve ( Figure 8B inset) in complex 1. This intramolecular coupling may facilitate preferential information storage compared to conventional SMMs. 7b An analysis of the exchange spectrum of 1 (Table S7) clearly reveals a small magnetic moment matrix element for the ground-state exchange doublet (non-Kramers system) which subsequently suppresses the QTM completely (Figure 7 , Table S7 ). These values for all other low-lying states (including excited states) are found to have low magnitudes, resulting in complete suppression of TA-QTM contributions to the magnetic relaxation. These observations lead to the occurrence of relaxation via a spin-phonon tunnelling mechanism through the excited states, as indicated by the green arrows in Figure 7 . Significant matrix elements computed between ±5 and ±6 (0.22) describes a barrier of reversal of magnetization of approximately 4.6 cm -1 (Figure 7 , Table S7 ). Another important spin-phonon transition has been observed from the ground-state -1 component to the -9 excited state components, followed by transition from -9 to -10, -10 to -11, -11 to -12, -12 to -13 and eventually to the time-reversed states in the opposite order (green arrows in Figure 7) . This is the sole pathway with concomitant substantial magnetic matrix elements connecting the ground state -1 with other excited states. Additionally, direct tunnelling transitions between higher excited states (i.e. between -9 and +9, -10 and -10) are less efficient due to the extremely small value of magnetic moment matrix elements being of the order of 10 -10 μB. Hence, another barrier height can be envisioned occurring at approximately 138 cm -1 (as shown by the dotted orange line in Figure 7) , which is similar to the slower magnetization relaxation observed from the ac susceptibility measurements. The observation of such a multi-level-exchange spectrum corroborates the presence of a slow magnetization relaxation time in complex 1 due to the significantly quenched QTM and TA-QTM processes. The calculated ab initio and electrostatic anisotropy axes lie at a position which faces the least repulsion from the negatively charged µ4-hydroxo ligand. Although not all four gzz axes create a circular pattern, the projected magnetic moment due to gzz being in the plane of the four lanthanide ion leads to a toroidal magnetic moment. 7b,33 This is rather clearly visible in the magnetization data measured at T = 2 K. This is similar to the toroidal moment observed in other Dy structures, such as the Dy6 wheel, Dy3 triangles, and Dy4 butterfly complexes. 8, [32] [33] Analysis of the structural details of complex 1 indicates that it possesses a pseudo C4 axis of symmetry. The gzz axis of Dy1, Dy2 and Dy3 are in plane with respect to the pseudo C4 axis, with tilts of 6.2, 15.9 and 13.2 for Dy1, Dy2 and Dy3, respectively ( Figure 5 ) and the deviations are within ~10 degrees. The Dy4 ion on the other hand deviates significantly from the pseudo C4 axis with a tilt angle of 41.5. However, the projected magnetic moment of all four Dy sites is expected to be on the square plane of the molecule leading to a toroidal moment. Although analogous square based complexes have been reported in the literature, 22,23 this is the first example where such a complex has Table 3 . Calculated energy spectrum, g-tensors and angles (°) of the principal anisotropy axes of the first excited states on Tb1, Tb2, Tb3 and Tb4 with respect to the ground state for complex 2 Here, as in complex 1, mirror symmetry of the magnetic energy levels is observed, i.e. a decrease of gzz up to energy level four or five after which an increase is observed. This implies the presence of a low-symmetry environment around the Tb(III) centres (see Figure  9 and ESI S8 for the fragmented structure considered for calculation). The ground state is computed to be doubly degenerate with another state lying very close (0.1 cm -1 ). The computed principal g-tensor anisotropy of the ground pseudo doublet in all the four Tb sites in 2 is found to possess large gzz value (17.46-17.80 ). This value is close to the expected pure Ising gzz value (18.0) expected for a mj = ±6 and this large gzz magnitude is also reflected for the highest energy pseudo-doublet. Substantial intrinsic tunnel splitting (i..e >10 -4 cm -1 ) in all the Tb sites of complex 2 induces major tunneling via the ground state which subsequently quenches the relaxation probability via the higher excited states deterring 2 to exhibit any SMM characteristics which is in line with the experimental ac measurements. 1b, 34 Exchange coupled {Tb4} molecule: Adapting same strategy employed in complex 1 for fitting the magnetic data, we have performed simulation for complex 2 using POLY_ANISO program (see Figure 10 ). Our simulation able to reproduce the magnetic data [MT (T)] which consequences the observation of exchange parameters as +0.11 and -0.01 cm -1 as J1 and J2 respectively ( Figure  11 and Figure S10 ). Exchange coupled anisotropy for complex 2 is evidenced by complete Ising nature (Table S13 ) with zero transversal contribution. As per the SINGLE_ANISO analysis significant tunnel splitting (Δtun= 10 -1 cm -1 ) in the ground doublet facilitate tunnelling and preclude any SMM characteristics in complex 2. Fig 10. The low-lying exchange spectrum in complex 2. We have placed every exchange state in compliance with the value of its magnetic moment (bold black lines).The blue curved arrows signify tunneling transitions within each doublet state (Δtun=corresponding tunnel gaps), green curved arrows represent spin-phonon transitions (the numbers are averaged transition moments in μB connecting the corresponding states) Negligible magnetic moment matrix element (blue text and blue arrow in Figure 10 ) in the form of quantum tunnelling of magnetization (i.e. 10 -14 μB) within the ground state doublets pushes up the relaxation further towards higher excited state. This is also corroborated by the non-significant (i..e Δtun <10 -4 cm -1 : purple text in Figure 10 ) intrinsic tunnel splitting within the ground doublets owing to the non-Kramers nature of the Tb(III) ions. Siginificant tunneling transition has been detected within ±5 (10 -2 cm -1 ) and ±4 (10 -3 cm -1) states and these relaxations thus corresponds to TA-QTM process. Also the Orbach/Raman process are computed to be efficient between these levels (see green text and green arrows in Figure 10 ), revealing the likelyhood of complete relaxation of magnetization at this level which lies 3.3 cm -1 away from the ground state. Significantly low energy gap between the ground and first exicted state rationalizes why complex 2 relaxes faster than 1 which is consistent with the experimental (small raise in M" at low temperature and high frequency limit) observations. 
Estimation of Magnetocaloric Effect (MCE):
In order to evaluate the MCE efficiency of all the three complexes (1-3) detailed magnetization measurements (ESI Figures S2-S4 ) and field dependent heat capacity ( Figure 12 ) measurements were performed on bulk samples. The change in magnetic entropy (-S) and change in temperature (ΔTad) of the molecular cluster are the two essential thermodynamic parameters of MCE which can be precisely extracted from magnetization measurements using Maxwell's thermodynamic relation:
where Hi and Hf are the initial and final applied magnetic field, respectively. Complex 3 shows the maximum change in entropy (-ΔSm = 23 J Kg -1 K -1 ) compared to 1 and 2. The zero field splitting due to large spin-orbit coupling associated with 1 and 2 results in significantly lower degeneracy of the ground state. This leads to a smaller change in magnetic entropy value compared to a more isotropic clusters. Such scenario has been witnessed already in other lanthanide metal complexes reported elsewhere. 14h, 35 To evaluate and validate the -Sm extracted from magnetization measurements for 1-3, heat capacity measurements were performed on polycrystalline samples at various temperature ranges ( Figure  12) . A large field independent contribution is observed above ca. 5K which is attributed to the lattice. This lattice contribution can be modelled by using an effective Debye model 36 Clatt= A T α , with α = 2. 4 (for 1, 2 and 3) and A = 0.0095±10% (for 1), A = 0.011±10% (for 2), A = 0.010±10% (for 3). This contribution is comparable for the three molecules, as expected from the near-identical structures. A Schottky anomaly is evident in the low temperature specific heat of all three derivatives with a maximum at 1-2 K, arising from the magnetic exchange interactions between the magnetic ions. To get a rough idea of the strength of interaction we modelled this Schottky anomaly considering an effective split between two equally degenerate states separated by an energy gap T0.
Cint/R = B (T0/T) 2 e (T0/T) /(1+e (T0/T) ) 2
Data fitting on the three C(T) curves provides these values for the parameters B = 3.7 and T0 = 7.78 K for 1, B = 2.45 and T0 = 5.1 K for 2, B = 10 and T0 = 2.35 K for 3. In a first approximation the mean value of the exchange interactions J between four lanthanides leads to an effective gap T0 = 6 J 2 gJ 2 JSE. In this way we are considering six equivalent interactions between the four magnetic ions, so what is found here is a mean value for JSE. We found for 1 10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 JSE = 0.0131K, for 2 JSE = 0.0105K and for 3 JSE = 0.0080K, comparable to J1 and J2 values theoretically estimated above. For 2, another term is required to describe the upturn of the specific heat below 0.7K: the hyperfine coupling can be modelled using the hyperfine energy levels of terbium (0.120 K, 0.149 K and 0.178 K as respective gaps between the four hyperfine sublevels of the J = 6 multiplet and a multi-level Schottky anomaly expression.
The magnetic entropy (Sm) also can be evaluated from
where Cm is magnetic heat capacity directly obtained from heat capacity measurements. Notably, the extracted values are consistent with the values obtained from magnetization measurements. As expected, complex 3, shows the largest -ΔSm among the three complexes ( Figure 13 ). The maximum value obtained for a 7T -0 demagnetization is -ΔSm= (5.8 ± 0.6 )R = 23 J Kg -1 K -1 at T ≃ 3K for 3; -ΔSm=(2.2 ± 0.4)R at T ≃ 6K for 1 and -ΔSm=(2.0 ± 0.4)R at T ≃ 5K for 2 ( Figures S11-S12) .
The observed -Sm value for 3 is one of the largest known for an isotropic complexes, however this is significantly lower than the other isotropic metal complexes reported in the literature. 14e, 14h, 16, 37 Interestingly the -Sm value expressed in J kg -1 K -1 units for 3 is larger than what reported for Gd4Zn8 14c which contain similar squared Gd4 core: this is in part due to the lighter mass of our 3 derivative, confirming the strategy of using lighter compound to enhance MCE. For an uncoupled four Gd(III) ions, the theoretically expected -Sm value is 20.8 J kg -1 K -1 , however experimentally we observe more than the uncoupled value signifying that the excited states also participate in polarizing the spins. Accessibility of these excited states possible in case of 3 even at low temperature is likely due to the weak exchange interactions.
Experimental
All reagents and solvents were purchased from commercially available sources (Alfa Aesar and Sigma-Aldrich) and were used without further purification. All reactions were carried out under aerobic conditions unless otherwise stated. The ligand H4L was synthesized as per the literature report, 18d with a slight modification to improve the yield of the reaction; see below for details.
The chosen crystal was mounted on a Goniometer using paraffin oil and the crystal cooled in stream of liquid nitrogen to 100 K (for 1 and 3) , for 2 data were collected at room temperature. The data collection was done on a Rigaku Saturn CCD diffractometer (for 1 and 3) and an Oxford CCD diffractometer for 2 using a graphite monochromator (λ = 0.71073º) equipped with an Oxford cryosystems cooler device. The unit cell determination and data reduction were performed using Rigaku CrystalClear-SM Expert 2.1 software. The structures were solved by direct methods and the refined by least-squares procedures on F 2 with SHELXTL package. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed based on the geometry and refined with a riding model. The solvents molecules were heavily disordered which we could not model it due to diffused electron density for all the three complexes. We have used the SQUZEE routine from PLATON resulted in smooth refinement of the structures. The loop corresponds to residual electron density void (from PLATON) found in the structure is appended in its corresponding CIF files.
NMR spectra were recorded for the H4L ligand on a Bruker Avance III 400 MHz instrument at room temperature. The data were calibrated with listed deuterated solvents. Infrared spectra were collected for the solid samples using KBr pellets on a Perkin-Elmer FT-IR spectrometer in the 400 to 4000 cm -1 range. Variable temperature dc susceptibility measurements were performed on a Quantum Design MPMS-SQUID Magnetometer. Diamagnetic corrections were applied for the constituent atoms using Pascal's constants. Heat capacity measurements were measured on a PPMS-7T system using the two tau method. Microcrystals were pressed into thin pellets and cut in thin slices of 1-2 mg in weight.
Synthesis of H4L
In a 250 mL RB flask a methanolic solution of o-vanillin (5.0002 g, 0.0328 mol, 100 mL MeOH) was added 5-6 drops of glacial acetic acid (0.3 mL) added drop by drop in order to activate the carbonyl group in o-vanillin and stirred for 10 minutes. Into the reaction flask, solid tris(hydroxymethyl)aminomethane (3.981 g, 0.0328 mol) was then added and the reaction mixture heated under reflux for 24 hours. The light yellow precipitate formed was filtered and washed with n-hexane several times and dried under vacuum. The purity of the ligand was confirmed by 1 H NMR and 13 C NMR recorded in DMSO-d6. 1 H NMR (400 MHz): δ (ppm) 14.7(s, 1H), 8.48(s, 1H), 6.92(dd, J=7.88 Hz, 2H), 6.57(t, J=7.84 Hz, 1H), 4.84(s, 3H), 3.73(s, 3H), 3.6 (d, 6H). 13 C NMRδ (ppm): 164.11 (C=N), 158.17, 149.53, 124.15, 117.12, 114.86, 114.33, 66.43, 61.11, 55.72 . FT-IR (KBr pellet, cm -1 ): 2919 cm -1 (s, (Ar-H)), 1644 cm -1 (s, (C=N)). Yield =7.56 g, 90%).
Synthesis of complex 1:
A methanolic solution (30 mL) of H4L (0.300 g, 1.175 mmol) was deprotonated by using NaOMe (0.1269 g, 2.350 mmol) and the solution stirred for 30 minutes before charging DyCl3·xH2O (0.3159 g, 1.175 mmol) into the reaction flask. The resultant reaction mixture was stirred for 24 hours and then filtered. The filtrate volume was reduced to one-third of its initial volume and kept for crystallization without any disturbance. Pale yellow block-shaped single crystals were grown from the filtrate after one week, and were suitable for Xray diffraction. Yield: 142 mg, (27%, based on Dy). Elemental analysis (air dried sample) (%): Calculated: C, 29.8; H, 4.9; N, 2.7; Found: C, 30.1; H, 4.6; N, 2.6 ; FT-IR (KBr pellet, cm -1 ): 2921 cm -1 (s, (Ar-H)), 1648 cm -1 (s, (C=N)).
Synthesis of complexes 2 and 3:
The same procedure was followed for complex 1, but using the corresponding equivalence of lanthanide halides (TbCl3·6H2O (0.4388 g, 1.175 mmol for 2 and GdBr3·xH2O (0.4665 g, 1.175 mmol) for 3) in place DyCl3.xH2O. For 2: Yield: 137mg, (25%, based on the Tb). Elemental analysis (air dried sample) (%): Calculated: C, 32.6; H, 4.7; N, 2.7; Found: C, 32.1; H, 4.8; N, 2.6;  FT-IR (KBr pellet, cm -1 ): 2924 cm -1 (s, (Ar-H)), 1644 cm -1 (s, (C=N)).
For 3: Yield: 145 mg, (26%, based on the Gd). Elemental analysis (dried sample) (%): Calculated: C, 31.6; H, 4.6; N, 2.6; Found: C, 31.2; H, 4.7 ; N, 2.6; FT-IR (KBr pellet, cm -1 ): 2926 cm -1 (s, (Ar-H)), 1646 cm -1 (s, (C=N)).
Conclusions
In this article we have reported an unusual family of O-centred Ln4 (where Ln = Dy, Tb or Gd) squares whose structures were determined by single crystal X-ray diffraction. DC magnetic susceptibility data on complexes 1-3 show the presence of weak antiferromagnetic interactions between the metal ions. Unambiguous evidence for the existence of antiferromagnetic interaction between the anisotropic lanthanide ions is confirmed through ab initio calculations and heat capacity measurements. Ac susceptibility measurements performed on anisotropic complexes 1 and 2 in the 2.0 -35 K temperature range reveal both complexes to show frequency dependent out-of-phase signals (χM"), although the maxima in χM" for 2 is below the instrument temperature limit. On the other hand, complex 1 shows two different magnetization relaxation processes, one at high temperature and one at low temperature. The Arrhenius plot constructed from these two relaxation processes reveals the barrier height for magnetization vector reversal of 29 K and 100 K. We have rationalized the origin of these two relaxations processes in complex 1 by detailed ab initio calculations, which demonstrated that the Dy4 site in complex 1 behaves differently compared to the other three sites. Calculations reveal the existence of a toroidal magnetic moment complex 1, with experimental evidence confirmed from the S-shaped magnetization curve measured at 2.0 K. The exchange interaction extracted using the POLY_ANISO program is in agreement with experimentally derived parameters. The MCE of all the three complexes were estimated from two different experimental techniques, field dependent magnetization and heat capacity measurements, with complex 3 showing the largest change in magnetic entropy (23 J Kg -1 K -1 ), due to the near isotropic nature of the ground state and weak exchange interactions. The three analogous square based complexes are therefore a family of complexes exhibiting unusual physical properties, including toroidal magnetic moments, SMM behaviour and an enhanced MCE.
